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ABSTRACT
We report the discovery of a very young high-mass X-ray binary (HMXB) system
associated with the supernova remnant (SNR) MCSNR J0513-6724 in the Large Mag-
ellanic Cloud (LMC), using XMM-Newton X-ray observations. The HMXB is located
at the geometrical centre of extended soft X-ray emission, which we confirm as an
SNR. The HMXB spectrum is consistent with an absorbed power law with spectral
index ∼1.6 and a luminosity of 7×1033 erg s−1 (0.2–12 keV). Tentative X-ray pulsations
are observed with a periodicity of 4.4 s and the OGLE I-band light curve of the optical
counterpart from more than 17.5 years reveals a period of 2.2324±0.0003 d, which we
interpret as the orbital period of the binary system. The X-ray spectrum of the SNR
is consistent with non-equilibrium shock models as expected for young/less evolved
SNRs. From the derived ionisation time scale we estimate the age of the SNR to be
<6 kyr. The association of the HMXB with the SNR makes it the youngest HMXB, in
the earliest evolutionary stage known to date. A HMXB as young as this can switch
on as an accreting pulsar only when the spin period has reached a critical value. Under
this assumption, we obtain an upper limit to the magnetic field of <5×1011 G. This
implies several interesting possibilities including magnetic field burial, possibly by an
episode of post-supernova hyper-critical accretion. Since these fields are expected to
diffuse out on a timescale of 103 − 104 years, the discovery of a very young HMXB can
provide us the unique opportunity to observe the evolution of the observable magnetic
field for the first time in X-ray binaries.
Key words: ISM: individual objects: MCSNR J0513-6724 – ISM: supernova remnants
– Radio continuum: ISM – Radiation mechanisms: general – Magellanic Clouds
? E-mail: cmaitra@mpe.mpg.de
1 INTRODUCTION
Young neutron stars (NSs) residing in X-ray binary (XRB)
systems are extremely rare objects and can provide unique
© 2019 The Authors
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insights on the birth properties and early evolution of NSs.
In addition, these objects are ideal probes for the physics
of accretion onto an NS at early evolutionary stages, and
its implications on NS spins, magnetic fields, etc. Neutron
stars are expected to be born rapidly spinning with periods
around a few times 10 ms. The spin period is expected to
slow down over time by magnetic dipole braking and if the
object is part of a binary system, by propeller effects at
the onset of the accretion of matter from the companion
(Bhattacharya & van den Heuvel 1991).
Finding an NS XRB in its parent supernova remnant
(SNR) implies a very young binary system, as the visibility
time of SNR is only a few 104 yr, much less than the life-
times of high-mass XRBs. Associations of NS XRBs with
SNRs were first proposed by Hughes & Smith (1994) from
the ROSAT HRI data for two SNRs in the Small Magellanic
Cloud. The first one, SNR IKT 21 (van der Heyden et al.
2004) for which pulsations at 345 s were discovered by Israel
et al. (2000), and a Be XRB candidate in the direction of
IKT 25 that could not be confirmed by either XMM-Newton
or Chandra. For both of the above sources however, the phys-
ical association of the HMXB with the SNR is not clearly
established as they are not located near the centre of the
remnant. Data from the XMM-Newton and Chandra obser-
vatories have been instrumental in the discovery of only a
few more such systems, and therefore finding an NS XRB
with an SNR association continues to remain a rare discov-
ery. This is mostly attributed to the fact that the timescale
for which the remnant is visible is typically three orders of
magnitude smaller than typical binary evolution timescale.
Some secure XRB-SNR associations known are SXP 1062
(Haberl et al. 2012; Gonza´lez-Gala´n et al. 2018), DEM L241
(Seward et al. 2012), SXP 1323 (Gvaramadze et al. 2019)
in the Magellanic Clouds, and SS 433 and Circinus X-1 in
our Galaxy (Geldzahler et al. 1980; Heinz et al. 2013). The
youngest among them until now is Circinus X-1, with an
estimated age <4600 years (Heinz et al. 2013). Finding the
majority of these systems in the Magellanic Clouds (MCs)
is not surprising given the ideal environment they have for
hosting young stellar remnants, a high formation efficiency
for high-mass X-ray binaries (HMXBs), as well as relatively
small distance and low foreground absorption conducive for
performing detailed studies.
We report here the discovery of a new HMXB at the ge-
ometrical centre of MCSNR J0513-6724 , which is confirmed
as an SNR for the first time in this work. MCSNR J0513-
6724 was previously a candidate SNR in the LMC (Bozzetto
et al. 2017). It was first reported by Haberl & Pietsch (1999)
recording an extent of 17.5′′ albeit a ‘hard’ hardness-ratio.
Bozzetto et al. (2017) found the presence of a weak [S ii]
ring from Magellanic Cloud Emission Line Survey (MCELS)
data and also the evidence for an unresolved radio source.
The observations and their analysis are described in Sect.
2. Section 3 presents the results and Sect. 4 the discussions
and conclusions.
2 OBSERVATIONS AND ANALYSIS
2.1 X-ray observations and analysis
MCSNR J0513-6724 was observed serendipitously with
XMM-Newton in 2012. The observation details are given in
Table 1. EPIC (Stru¨der et al. 2001; Turner et al. 2001) obser-
vations were processed with the XMM-Newton, data analysis
software SAS version 17.0.01. We searched for periods of high
background flaring activity by extracting light curves in the
energy range of 7.0–15.0 keV and removed the time inter-
vals with background rates ≥ 8 and 2.5 cts ks−1 arcmin−2 for
EPIC-PN and EPIC-MOS respectively (Sturm et al. 2013).
Events were extracted using the SAS task evselect by ap-
plying the standard filtering criteria (#XMMEA_EP && PAT-
TERN<=4 for EPIC-PN and #XMMEA_EM && PATTERN<=12 for
EPIC-MOS).
3 RESULTS
3.1 Morphology of MCSNR J0513-6724
Figures 1 and 2 show a faint X-ray point source at the ge-
ometrical centre of MCSNR J0513-6724 . The X-ray point
source is most prominent in the hard X-rays above 1 keV.
The SNR displays a shell like morphology with clear struc-
tures visible in the south, west and north-west regions. To
estimate the size of the SNR, we employed the method de-
scribed by Kavanagh et al. (2015), which fits an ellipse to
the outer contours of the SNR (at 3σ above the surround-
ing background level in the 0.2−1 keV EPIC image). We
derive the ellipse centre at R.A. = 05h13m43.0s and Dec.
= −67◦24′10.′′0 (J2000) with a positional error of 3′′. The
semi-major and semi-minor axes correspond to a size of 14.5
(±1.0) × 12.3 (±1.0) pc at the distance of LMC (50 kpc) with
the major axis rotated ∼82◦ East of North. Figure 1 also dis-
plays the radio contours from the latest Australian Square
Kilometre Array Pathfinder (ASKAP, Johnston et al. 2008)
survey of the LMC at 888 MHz showing correlated emission
in the radio and X-ray wavelengths from the south shell
of the emission from MCSNR J0513-6724. Figure 2, right
panel, further demonstrates that the brightest and hardest
emission from the SNR (from the south shell) is spatially
coincident with the brightest radio emission. This further
testifies to its identity as an SNR.
3.2 X-ray position of the point-source and
identification of the optical/infrared
counterpart
In order to determine the X-ray position of the point source,
we performed a maximum-likelihood source detection anal-
ysis on the XMM-Newton/EPIC images. This was done on
fifteen images created from the three EPIC cameras in five
energy bands as given: 1 → (0.2 − 0.5 keV), 2 → (0.5 − 1.0
keV), 3→ (1.0−2.0 keV), 4→ (2.0−4.5 keV), 5→ (4.5−12.0
keV) (Watson et al. 2009; Sturm et al. 2013). Source detec-
tion was performed simultaneously on all the images using
the SAS task edetect_chain. The best-determined position
is R.A. = 05h13m42.59s and Dec. = −67◦24′12.′′4 (J2000)
with a 1σ statistical uncertainty of 1.04′′. The positional
error is usually dominated by systematic astrometric uncer-
tainties. Therefore, we added a systematic error of 0.37′′ in
quadrature (Rosen et al. 2016). The position of the point
source is consistent within errors with the derived centre
1 Science Analysis Software (SAS): http://xmm.esac.esa.int/sas/
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Figure 1. XMM-Newton EPIC RGB (R= 0.2–1 keV, G= 1–2 keV, B= 2–4.5 keV) image of MCSNR J0513-6724. Overlaid are white
radio contours from the latest Australian Square Kilometre Array Pathfinder (ASKAP) survey of the LMC at 888 MHz (bandwidth is
288 MHz). The radio continuum contours correspond to 1, 2, and 3 mJy beam−1 while the image beam size is 13.7′′×11.8′′ and local
rms is ∼0.2 mJy beam−1. The full details of the ASKAP LMC survey including the data reduction and analysis will be presented in an
upcoming paper by Filipovic´ et al. The red dotted points indicate the contour level corresponding to 3σ above the average background
surface brightness. The green solid line shows the best-fit ellipse to the contour, with the dashed lines denoting the 1σ errors on the
best-fit. The cyan cross indicates the best-fit centre of the ellipse, and the optical position of the HMXB is shown in magenta.
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Figure 2. XMM-Newton EPIC energy-resolved images of MCSNR J0513-6724. The left panel shows the image in the energy range of
0.2–1 keV revealing the prominent contribution of the SNR emission, while on the right the image in the energy range of 1–12 keV is
dominated by an unresolved source, suggested as HMXB. The optical position of the HMXB is marked with a black cross. The extraction
regions for spectral analysis are shown in red and overlaid are white radio contours from the latest Australian Square Kilometre Array
Pathfinder (ASKAP) survey of the LMC at 888 MHz (bandwidth is 288 MHz).
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Table 1. XMM-Newton observations details of MCSNR J0513-6724 .
Date ObsID Exposure Off-axis angle Telecope vignetting
PN / MOS2 / MOS1 PN / MOS2 / MOS1 PN / MOS2 / MOS1
yyyy/mm/dd (ks)
2012/02/04 0671090101 23.9 / 30.0 / 30.2 4.0′/ 3.1′/ 3.6′ 0.86 / 0.88 / 0.86
of the SNR. As the source is most prominently seen in
the harder X-ray bands, we repeated the source detection
with the method described above, however using only the
hard X-ray bands (1–2 keV, 2–4.5 keV and 4.5–12 keV). The
best-obtained position is R.A. = 05h13m42.65s and Dec. =
−67◦24′12.′′9 (J2000) with a slightly reduced 1σ statistical
uncertainty of 0.94′′. In addition, the source detection like-
lihood (DETML) increased significantly from 13.1 in the en-
tire energy range to 47 in the hard X-ray bands. It should be
noted that the point-source was not detected by performing
the source detection in the energy range of 0.2–1 keV in-
dicating that the diffuse emission dominates in this energy
range.
To first verify whether the source is an AGN in the
background, we correlated the source position with the all-
sky catalogue of 1.4 million AGNs of Secrest et al. (2015), the
Half-Million Quasars catalogue (HMQ) and MILLIQUAS
catalogue of Flesch (2015, 2017). An angular separation of
r ≤ 3.439 ×
√
σ2X + σ
2
catalogue = 3.439σ (1)
was used. For a Rayleigh distribution this corresponds to
a 3σ completeness, but no counterpart was found. We fur-
ther investigated whether the source could have an infrared
counterpart satisfying the mid-infrared color selection for an
AGN (Mateos et al. 2012), but it has magnitudes too faint to
be detected. As the X-ray and the infrared flux in AGN are
expected to be correlated, as shown in Fig. 11 in Maitra et al.
(2019), we estimated the expected magnitudes of the coun-
terpart in the ALLWISE bands (W1, W2, W3) for the given
X-ray flux of the source. An AGN counterpart, if it exists, is
expected to have W1, W2 and W3 in the range of 14.6–17.5,
13.4–16.4 and 10.6–12.7 mag respectively, and should there-
fore be visible. The nearest ALLWISE counterpart is much
brighter (see below) thereby making this possibility highly
unlikely.
The Magellanic Clouds, especially the Small Magellanic
Cloud, host a large population of HMXBs owing to the rel-
atively recent star formation history (Antoniou et al. 2010;
Haberl & Sturm 2016; van Jaarsveld et al. 2018). To in-
vestigate further a possible HMXB nature of the unresolved
source, we searched the Magellanic Clouds Photometric Sur-
vey (MCPS) catalogue (Zaritsky et al. 2004) for a counter-
part using the same correlation criterion as equation 1. In or-
der to reduce the probability of a chance coincidence, we first
filtered the MCPS catalogue in colour and magnitude space
using the loci of the confirmed HMXBs in the LMC on the
colour-magnitude and colour-colour diagram. The details of
the criterion and a comprehensive list of HMXBs in the LMC
will be presented in a forthcoming work. We found a unique
optical counterpart within the 3σ completeness radius with
U = 12.07 ± 0.03, V = 13.4 ± 0.04, and I = 13.11 ± 0.04 mag,
satisfying the colour and magnitude criteria of early-type
stars in the LMC. We also found the corresponding infrared
counterpart of the source (2MASS 05134260–6724100) with
J = 12.93 ± 0.03, V = 12.84 ± 0.04, and I = 12.69 ± 0.04 mag
and (ALLWISE J051342.62–672410.0) W1 = 12.40 ± 0.02,
W2 = 12.23 ± 0.02, and W3 = 9.66 ± 0.06 mag. The opti-
cal counterpart was identified as the south-eastern star of a
close pair by Rousseau et al. (1978) and shows variability in
the OGLE-III I and V bands (Ulaczyk et al. 2013). Simbad
lists the star as post-AGB star candidate (BSDL 923) with
spectral type B2.5Ib inferred by Dachs (1972) from three-
colour photometry. Since no higher-resolution spectroscopy
exists from this star, we compared its broad-band spectrum
based on UBVRIGJHK photometric measurements to those
of wind-fed supergiant HMXBs (Vela X-1 and 4U 1700-37)
and Be/X-ray binaries in the Magellanic Clouds. A much
better agreement of BSDL 923 with the wind-fed supergiant
systems is evident. We also created a colour-magnitude dia-
gram from OGLE V-I vs. I data for the stars in the surround-
ing , which shows BSDL 923 as one of the brightest stars at
the upper end of the main sequence and redder by about 0.5
mag. All this evidence suggests that the X-ray point source
is identified with a supergiant HMXB in the LMC. Further,
its positional coincidence with the geometrical centre of the
SNR asserts that it is an HMXB associated with the SNR.
3.3 Optical light curve from OGLE
BSDL 923 was observed by the Optical Gravitational Lens-
ing Experiment (OGLE), which started observations in 1992
(Udalski et al. 1992) and continues observing till today
(OGLE-IV, Udalski et al. 2015). Observations are performed
with the 1.3 m Warsaw telescope at Las Campanas Observa-
tory, Chile. Images are taken in the V and I filter pass-bands
and photometric magnitudes are calibrated to the standard
VI system.
Figure 3 shows the OGLE I-band light curve of the op-
tical counterpart obtained during observing phases III and
IV. A nearly sinusoidal long-term change by more than ±0.15
mag is visible over ∼6930 d, which is superimposed by ∼0.05
mag variations within the half-yearly visibility windows. To
investigate the short-term variations we removed the long-
term trend by subtracting a smoothed light curve (derived
by applying a Savitzky-Golay Filter with a window length of
13 data points; Savitzky & Golay 1964) and computing pe-
riodograms using the Lomb-Scargle algorithm (Lomb 1976;
Scargle 1982). Two highly significant peaks are found in
the periodogram at 1.8025 d and 2.2324 d (Fig. 4), which
are aliases of each other with the 1-day sampling period
(which also appears in the periodogram when using wider
smoothing windows). Given that the stronger peak is found
at 2.2325±0.0003 d, we identify this period as the likely or-
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Figure 3. OGLE I-band light curve of BSDL 923 (red crosses).
OGLE-III measurements were obtained up to HJD 2454951
(OGLE-ID lmc108.3.23), the later data are from OGLE-IV
(lmc505.07.38). The smoothed light curve is indicated by the
black line. The detrended light curve after subtraction of the
smoothed data is plotted with black dots, shifted by the I-band
average of 13.28 mag.
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Figure 4. Lomb-Scargle periodogram of the detrended OGLE
I-band light curve of BSDL 923. No further strong peaks are seen
up to 60 d. The red and black dashed lines mark the 95% and
99% confidence levels, respectively.
bital period of the HMXB system. The detrended light curve
folded with that period is presented in Fig. 5.
3.4 X-ray timing analysis
To look for a possible periodic signal in the X-ray light
curve of the identified candidate HMXB, we extracted source
events using a circular region with radius 10′′ centred on
the best-fit position. A small extraction region was used in
order to minimise the contribution of the diffuse emission
from the SNR. At first, we searched for a periodic signal in
the barycentre-corrected PN light curve in the energy range
> 1 keV using a Lomb-Scargle periodogram analysis in the
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Figure 5. Detrended OGLE I-band light curve folded with a
period of 2.2325 d.
period range of 0.5-3000 s (Lomb 1976; Scargle 1982). The
highest peak in the periodogram at 4.399 s indicates the pos-
sible spin period of the neutron star in the HMXB (Fig. 6).
The confidence intervals at 90% and 95% are derived us-
ing the block-bootstrap method and are marked in the fig-
ure, with the peak in the periodogram corresponding to a
false alarm probability of 0.04. In order to determine the
pulse period more precisely, we employed the Bayesian peri-
odic signal detection method described by Gregory & Loredo
(1996). The spin period and its associated 1σ error are de-
termined to 4.39923±0.00006 s. As the XMM-Newton EPIC
data were obtained in full-frame CCD readout mode, only
the PN data could be used for the purpose of timing analysis,
as the MOS data do not have sufficient temporal resolution.
The EPIC-PN light curve in the range of 1–10 keV, folded
with the best-obtained period is shown in Fig. 7.
3.5 X-ray spectral analysis
For the spectral analysis, the SAS tasks rmfgen and arfgen
were used to create the redistribution matrices and ancillary
files. The spectra were binned to achieve a minimum of one
count per spectral bin. The spectral analysis was performed
using the XSPEC fitting package, version 12.9 (Arnaud 1996)
using the C-statistic. Errors were estimated at 90 percent
confidence intervals. For the spectral analysis of the SNR,
appropriate source regions (corresponding to the south rim,
the west rim and the north-west rim) were selected as shown
in Fig. 2. The instrumental/detector background can have
strong spatial variations, and therefore the background spec-
trum was extracted by averaging over several regions across
the detector plane, at similar distances to the centre of the
SNR (see Fig. 2). The same background was used for all
the spectral analysis described in the paper. Two spectra
were extracted per instrument (PN, MOS1, and MOS2) from
each region (source and background). One of them was ex-
tracted from the event list of the science observation and the
other spectrum was extracted from the Filter Wheel Closed
(FWC) data (which contains the information of the instru-
mental background component). The FWC spectra were ex-
tracted at the same detector position as in the science ob-
MNRAS 000, 1–10 (2019)
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Figure 6. Lomb-Scargle periodogram of the EPIC-PN light curve
in the energy band of 1–10 keV (ObsID 0671090101). The peak
indicating the spin period of a neutron star. The red and black
dashed lines mark the 90% and 95% confidence levels, respec-
tively.
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Figure 7. EPIC-PN light curve folded with 4.399 s, showing the
pulse profile of the HMXB in the energy band of 1–10 keV.
servation because of the strong position dependency of the
instrumental background. The corresponding spectra from
the FWC data were subtracted from the science spectra of
the source and background regions to subtract the quiescent
particle background component.
For the spectral modelling of the SNR, the source spec-
tra for each of the extracted regions of MCSNR J0513-6724
and the background spectrum (as shown in Fig. 2) from
all the available instruments (PN, MOS1, and MOS2) were
fitted to constrain the source component as well as the as-
trophysical background (AXB) component. To model the
AXB we followed the same procedure as given in Kuntz
& Snowden (2010). The first AXB component is an un-
absorbed thermal component for the Local Hot Bubble
(LHB, kT ∼0.1 keV) while the second component is an ab-
sorbed thermal component for the Galactic halo emission
(kT ∼0.25 keV). Both of these components were fitted with
the XSPEC model APEC with elemental abundances frozen
to solar values. Lastly, the third component is an absorbed
power law (Γ = 1.46) for the non-thermal unresolved extra-
galactic X-ray background. The normalisations of all three
were set free. It was assumed that the temperature of the
thermal components and the surface brightness of all the
AXB components do not vary significantly between the
source and background regions. Thus, the appropriate tem-
perature and normalisation parameters were linked between
the two. For the spectral analysis of the identified HMXB,
the same region was used for spectral extraction as for the
timing analysis. The foreground column density NHGal at
the location of MCSNR J0513-6724 was taken (and fixed)
from the HI maps of Dickey & Lockman (1990). No addi-
tional absorption component denoting the absorption in the
LMC or a local absorption could be added to the spectrum
given its statistical quality, and therefore the inability to
constrain several low energy components in the spectrum.
The solar element abundances were taken from Wilms et al.
(2000).
3.5.1 SNR
We fitted the X-ray spectra of the SNR with different ther-
mal emission models, typical for shock-heated plasma in
SNRs. We further checked that a simple power-law model
did not provide an adequate description of the spectrum,
which would be indicative of non-thermal X-ray emission
from the SNR. Due to the relatively broad point spread
function of the XMM-Newton telescopes, we estimated that
∼17%, 10% and 11% of the source counts from the point
source will fall into the south, west and north-west regions
of the SNR shown in Fig. 2. We therefore included an ap-
propriately scaled model of the point source HMXB into the
spectral model of the SNR.
An attempt to fit the spectra with an equilibrium
ionization model like APEC (Smith et al. 2001) pro-
vided a statistically unacceptable fit. On the other hand,
non-equilibrium shock models such as PSHOCK, SEDOV
(Borkowski et al. 2001) provided good fits to the data
as is expected from young/less evolved SNRs. Both the
PSHOCK, SEDOV models have the same number of degrees
of freedom and the latter one provides a marginally better
fit (∆χ2 = 7). The best-fit spectra along with their best-fit
models and residuals are shown in Fig. 8 and the best-fit pa-
rameters are listed in Table 2. As the PN data of the south
and west of the SNR fell in a CCD gap, only the MOS data
were used. The best-fit temperature obtained from the high-
est signal-to-noise spectrum (west rim) of 2.2+1.2−1.1 keV and
ionization age of 5.9+5.5−2.2 ×1010 s cm−3 indicates a young/less
evolved SNR (Vink 2016). Due to the poor statistical qual-
ity of the data, the abundances could not be set free in the
spectral model, and were therefore fixed to the LMC ISM
abundance (Russell & Dopita 1992). However, the SNR spec-
tra in Fig. 8 clearly show the presence of O and Ne lines,
indicating a core-collapse supernova explosion, if interpreted
as of supernova ejecta origin. For the west and the north-
west rim regions of the SNR, the temperature and ionization
timescales could not be constrained due to limited counts in
the spectra and were therefore frozen to the best-fit value
from the south shell of the SNR. Only the normalisations
were set free. The total observed luminosity of the system
(SNR+HMXB) is ∼ 1.7 × 1034 erg s−1. A comparison with
the X-ray luminosity function of the LMC SNRs show that
MCSNR J0513-6724 lies in the faint end of the distribution
with the luminosities of the LMC SNR population spanning
from ∼ 7×1033 erg s−1– 3.2×1037 erg s−1(Maggi et al. 2016,
2019).
As a radio source, MCSNR J0513-6724 is character-
MNRAS 000, 1–10 (2019)
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Table 2. X-ray spectral parameters of MCSNR J0513-6724 for the best-fit SEDOV model
Region South shell West North West
Net count rate (c/s) 0.01 (M1+M2) 0.002 (M1+M2) 0.002 (PN+M1+M2)
Shock/electron temperature (keV) 2.2+1.2−1.1 2.2 (frozen) 2.2 (frozen)
Ionization timescale τ (1010 s cm−3) 5.9+5.5−2.2 5.9 (frozen) 5.9 (frozen)
Normalization (cm−5) 3.7+1.5−0.8×10−6 0.50+0.30−0.20×10−6 0.20+0.2−0.10×10−6
C-Statistic 270.71 121.16 233.71
Degrees of Freedom 383 192 306
Notes: All quoted error bounds correspond to the 90% confidence levels. In the case of the APEC
model, the normalization is defined as (10−14/4pid2)
∫
nenpdV , where d is the distance to the
SNR (in units of cm), ne and np are the number densities of electrons and protons respectively
(in units of cm−3), and
∫
dV = V is the integral over the entire volume (in units of cm3).
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Figure 8. Top: EPIC-MOS spectra of the south shell of the MC-
SNR J0513-6724 with best-fit VSEDOV model. The black and
green data points represent the MOS1 and MOS2 spectra from
the source region, the red and blue data points denote the AXB.
The corresponding best-fit models are shown in the same colours.
The presence of O and Ne lines are shown with arrows. Bottom:
EPIC spectra of the HMXB candidate. Black, red and green de-
note PN, MOS1 and MOS2 data points and model (histogram),
respectively. The spectra have been rebinned for visual clarity.
ized by a spectral index α = −0.68 ± 0.04, a flux density
of S888MHz = 45 ± 3 mJy, a surface brightness Σ = 1.0 ×
10−21 W m−2 Hz−1 sr−1, and a total radio luminosity (10 MHz
– 100 GHz) of 1.58×1028 W (Filipovic´ et al., in preparation).
This would position MCSNR J0513-6724 among the least lu-
minous LMC SNRs (Bozzetto et al. 2017).
Table 3. X-ray spectral parameters of the identified HMXB in
MCSNR J0513-6724 for a power-law model.
Parameter Value
Net count rate (c/s) 0.004 (PN+M1+M2)
Γ 1.63±0.29
Absorption corrected X-ray luminositya (erg s−1) 7.3+2.6−1.5 × 1033
C-Statistic 124.6
Degrees of Freedom 126
aAssuming a distance of 50 kpc in the energy band of 0.2–12 keV .
The absorption column density was fixed to the Galactic fore-
ground value of NHgal= 6×1020 cm−2. Errors are quoted at 90%
confidence.
3.5.2 HMXB
The X-ray spectrum from the point source contains a sig-
nificant contribution from the underlying extended SNR as
can be seen from Fig. 2. In order to model this contribu-
tion, we included a component for the SNR emission in the
spectral fit with the normalization set free. The spectrum
of the HMXB was modelled with a power-law. The spectra
along with their best-fit model and residuals are shown in
Fig. 8 and the best-fit parameters are listed in Table. 3. The
source is faint with an absorption-corrected luminosity of
7.3+2.6−1.5 × 1033 erg s−1 (0.2-12 keV).
4 DISCUSSIONS AND CONCLUSIONS
We report the discovery of a new HMXB system and its asso-
ciated supernova remnant MCSNR J0513-6724. The HMXB
is X-ray faint with a probable NS spin period of 4.4 s. As
optical counterpart we identify BSDL 923, a supergiant with
spectral type B2.5Ib which needs further confirmation with
high-resolution optical spectroscopic observations. From the
I-band light curve extending over more than 17.5 years,
we find significant periodic variations with 2.2324±0.0003 d,
which we interpret as the orbital period of the HMXB sys-
tem. The temperature and ionization timescales of the SNR
as obtained from the spectral analysis indicate a young/less
evolved SNR with an age of <6 kyr. There are three other
confirmed HMXBs detected in the Magellanic Clouds known
to have SNR associations. The two systems located in the
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Small Magellanic Cloud, a.k.a SXP 1062 and SXP 1323 are
Be X-ray binaries (BeXRBs) which are a different class of
HMXBs. BeXRBs have wider, more eccentric orbits, and the
compact object accretes from the circumstellar disc of the
Be star. These systems follow a different evolutionary path
in comparison to supergiant HMXBs (see e.g. Chaty 2011).
The age of SXP 1062 is estimated to be ∼16 kyr (Haberl et al.
2012), and SXP 1323 is estimated to ∼40 kyr (Gvaramadze
et al. 2019) indicating older, middle aged SNRs. Further-
more, the NS in these systems have very long spin periods,
in contrast to the HMXB in MCSNR J0513-6724. DEM L241
is a HMXB-SNR system located in the LMC with a probable
NS as the compact object (van Soelen et al. 2019) and an O-
type companion star. The age of the SNR is estimated to be
> 50−70 kyr, i.e. also much larger than MCSNR J0513-6724
(Seward et al. 2012).
4.1 Nature of the compact object
The spatial association of the X-ray point source with a
massive early-type star (probable supergiant), its hard X-
ray spectrum and the detection of pulsations all point to an
HMXB with an NS as compact object.
4.2 Nature of the SNR and its properties
The detection of the SNR at energies > 1 keV, and the ion-
ization timescale both indicate shock heated plasma from a
young/less evolved SNR that is in a non-equilibrium ioniza-
tion state. The elemental abundances of the plasma could
not be measured using the currently existing observations
and a detailed investigation of the plasma properties so-
licits a deeper observation with XMM-Newton or Chandra.
The radius of the SNR is measured to be 14.5 pc (consider-
ing the radius as the semi-major axis of the best-fit ellipse
to the SNR contours). In order to estimate the age of the
SNR we used the equation from Xu et al. (2005) using the
Sedov relation (Sedov 1959). With the measured SNR ra-
dius and shock temperature we derive a dynamical age of
37001900−900 yr (<5600 yr). Following the method of Borkowski
et al. (2001), Owen et al. (2011) and the normalization ob-
tained from the VSEDOV model, we obtained a dynamical
age of 3800+1900−900 yr (<5700 yr). The dynamic age derived
from two independent estimates are consistent and indicate
a young/less evolved SNR with dynamical age <6 kyr. We
note that the assumption of a Sedov phase is a conservative
one, as the early expansion of the SNR is un-decelerated.
This provides a lower limit of ∼ 1 kyr if the expansion has
been at a constant shock speed measured by the X-ray tem-
perature (13 500 km s−1). Further, following the method of
Borkowski et al. (2001), with the obtained normalization
of the Sedov model, and assuming baryon number per hy-
drogen atom (rm ≈ 1.4, assuming a helium/hydrogen ratio
of 0.1), we derived the ambient electron density (ne) to be
∼ 0.02 cm−3. This is consistent with the typical values in the
LMC (Maggi et al. 2019).
4.3 The youngest known HMXB caught at the
onset of accretion?
The youngest known XRB inside an SNR is Circinus X-1
with an estimated age of <4600 yr. This source has been
commonly proposed to be a low mass X-ray binary as it
exhibits type I X-ray bursts (Tennant et al. 1986; Linares
et al. 2010). Type I X-ray bursts are produced by ther-
monuclear explosions on the surface of an accreting NS in a
low-mass X-ray binary system (see e.g. Strohmayer & Bild-
sten (2006)). However, recent investigations indicate that a
high mass companion for Circinus X-1 cannot be ruled out
(Johnston et al. 2015; Schulz 2019). The point-source inside
MCSNR J0513-6724 seems to be one of the youngest HMXB
known to date.
The typical age of NSs (time since the supernova explo-
sion) identified as HMXBs is expected to exceed ∼105 years
(Bhattacharya & van den Heuvel 1991). However, with the
discovery of SXP 1062 (Haberl et al. 2012), and SXP 1323
(Gvaramadze et al. 2019), it is now known that the age of
NSs in HMXBs can be significantly smaller. An NS formed in
an HMXB spins down from its initial short spin period up to
a critical value, only after which the accretion can commence
onto its surface. A nascent neutron star is first believed to be
in the ejector phase where the relativistic winds prevent the
matter to penetrate the Bondi radius, and hence accrete onto
the NS. As the NS spins down by magnetic dipole radiation,
it next enters the propeller phase, where it now spins down
due to the interaction between the magnetosphere and in-
falling matter from the evolving companion star. The system
can switch on as an accreting pulsar only after the spin pe-
riod has reached a critical value, where the magnetospheric
radius equals the co-rotation radius of the NS. The magne-
tospheric radius is a function of the mass accretion rate and
magnetic field strength, and the co-rotation period mainly
depends on the spin period. Hence assuming the unabsorbed
luminosity (0.2–12 keV) estimated from the HMXB-NS spec-
tral fit as the limiting luminosity before the onset of the pro-
peller regime, and the observed spin period of 4.4 s as the
critical value, the dipole magnetic field strength of the NS
can be estimated to ∼3×1011 G (Campana et al. 2002). Here
we used RM = 0.5RA (magnetic radius RM and Alfve´n ra-
dius RA) as is widely accepted for most disc-magnetosphere
models and has been recently supported by a broad set of
observations by Campana et al. (2018). Assuming a correc-
tion factor of 2 for the bolometric luminosity, the upper-limit
of the surface magnetic field strength is <5×1011 G. The es-
timated field strength is low for a newly born NS which is
expected to be strongly magnetized.
The results obtained above can imply several interesting
possibilities. Firstly, the NS can have a significant multi-
polar component of the magnetic field which is not sam-
pled when estimating the magnetic field strength from the
above method. Alternatively, the NS can be born with a
low magnetic field strength and as a slow-rotator, due to
which the magnetic fields cannot be sufficiently amplified
(Thompson & Duncan 1993). However, later studies have
showed that the magnetic field can be amplified even in the
absence of fast rotation (Endeve et al. 2012). The third,
and the most interesting possibility is that the NS is born
as strongly magnetized, but its field is buried deep beneath
the surface (Romani 1990), possibly by an episode of post-
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supernova hyper-critical accretion (Chevalier 1989; Geppert
et al. 1999; Shabaltas & Lai 2012). These fields then diffuse
out on a timescale of 103 − 104 years, and a much smaller
value of surface magnetic field strength is therefore observed
(Ho 2011). This phenomenon is typically observed in central
compact objects (CCOs) - isolated NSs found inside SNRs -
Gotthelf et al. (2010); Halpern & Gotthelf (2010, 2011) and
also in some low-field magnetars (Turolla & Esposito 2013).
The discovery of a very young HMXB of age <104 years can
provide us the unique opportunity to observe the evolution
of the observable magnetic field for the first time in XRBs.
The observed X-ray luminosity of this system is also similar
to that seen in CCOs, however with a different spectrum
due to the effect of accretion from the companion star. In
contrast, CCOs have a thermal spectrum originating from
the surface of the NS (see e.g. De Luca 2017).
MCSNR J0513-6724 is also a potential gamma-ray bi-
nary candidate. Gamma-ray binaries, which are charac-
terised by non-thermal emission peaking above 1 MeV, are
compact objects in orbit with a massive companion. These
systems are usually thought to be a short-lived phase in the
evolution of HMXBs, preceding the phase when the accre-
tion commences on to the compact object (Tauris & van den
Heuvel 2006; Dubus et al. 2017). The only gamma-ray binary
in the LMC known to date is DEM L241 (LMC P3, Corbet
et al. 2016) which is also a XRB-SNR system as discussed
earlier. The young HMXB in MCSNR J0513-6724 is in tune
with the above scenario, and deserves future follow-up in
gamma-rays.
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